Significance: Broad-spectrum metalloproteinase (MMP) reduction along with inherent aspects of an extracellular matrix (ECM) dressing can bring about improved wound healing outcomes and shorter treatment duration. Initial reports of clinical effectiveness of a new ovine-based collagen extracellular matrix (CECM) dressing demonstrate benefits in chronic wound healing. Recent Advances: CECM dressings are processed differently than oxidized regenerated cellulose/collagen dressings. CECM dressings consist primarily of collagens I and III arranged as native fibers that retain the three-dimensional architecture present in tissue ECM. As such, ovine-based ECM dressings represent a new generation of collagen dressings capable of impacting a broad spectrum of MMP excess known to be present in chronic wounds. Critical Issues: While MMPs are essential in normal healing, elevated presence of MMPs has been linked to wound failure. Collagen has been shown to reduce levels of MMPs, acting as a sacrificial substrate for excessive proteases in a chronic wound. Preserving collagen dressings in a more native state enhances bioactivity in terms of the ability to affect the chronic wound environment. Clinical observation and assessment may not be sufficient to identify a wound with elevated protease activity that can break down ECM, affect wound fibroblasts, and impair growth factor response. Future Directions: Collagen dressings that target broad-spectrum excessive MMP levels and can be applied early in the course of care may positively impact healing rates in difficult wounds. Next-generation collagen dressings offer broader MMP reduction capacity while providing a provisional dermal matrix or ECM.
SCOPE AND SIGNIFICANCE
Selecting treatment based on a scientific understanding of the pathological condition of a chronic wound is important in addressing cost and patient needs. Harmful effects of excessive metalloproteinase (MMP) activity in chronic wound healing should be a consideration of wound care decision making. Collagen dressings have been shown to reduce MMP levels, acting as a sacrificial substrate for excessive proteases in chronic wounds. [1] [2] [3] New ovine-based collagen extracellular matrix (CECM) dressings (En-doformÔ dermal template; Hollister Wound Care, Libertyville, IL) exhibit broad-spectrum MMP inhibition and can serve as a provisional matrix to affect cellular signaling and differentiation that may enhance wound healing. 2 
TRANSLATIONAL RELEVANCE
Degradation of collagen is important for the physiological remodeling of connective tissues during wound healing. Extracellular degradation of collagen fibers is mediated by MMPs and is a multistep process. A collagen dressing with a preserved structural component can serve as a provisional ECM dermal template and influence cellular interaction necessary to encourage keratinocyte migration. 4 CECM dressings have been shown to retain the complex collagen architecture of native tissue ECM as well as the ECM-associated secondary molecules, including laminin, fibronectin, and glycosaminoglycans. 5 Soluble components of the CECM biomaterial inhibited all MMPs tested, including collagen, stromelysins, and gelatinases. 2 
CLINICAL RELEVANCE
While MMPs are essential in normal healing, elevated presence of MMPs has been linked to wound failure. 6 Clinical observation and assessment may not be sufficient to identify a wound with elevated protease activity that can break down ECM, affect wound fibroblasts, and impair growth factor response. 7 A threshold spot test and quantifiable level of MMP activity have been proposed to help identify wounds that are failing and associated with elevated MMP/protease levels. 7, 8 Broadspectrum MMP-modulating dressings, such as ovine-based CECM dressings, may affect multiple steps in the pathological process to correct abnormal physiology and promote healing. 9 
BACKGROUND/OVERVIEW
Wound treatment and wound care practice has undergone a transformation in the last 10 years as research in the field has improved understanding of the chronic wound condition. As chronic wounds have posed an increasing cost to the healthcare system, practitioners are focusing increased attention on cost-effective clinical treatments. It is estimated that U.S. wound care costs exceed $50 billion annually. 10 Given the high cost of chronic wounds, clinicians may best benefit their patients by selecting treatments based on growing scientific understanding of the pathological condition. Restoring a more normal physiology to the chronic wound environment may trigger a positive healing progression, allowing wounds to complete the requisite steps to heal.
A patient's comorbid condition(s) can greatly influence healing. 10 Diabetes, renal failure, peripheral vascular disease, and smoking are among factors associated with increased cost and poor healing outcomes. 10 Any particular step in wound healing can be affected by a myriad of processes. 6 When healing is interrupted or stalled, a chronic wound condition develops. Wounds that fail to heal have been evaluated in terms of the microenvironment and cellular biology. A growing understanding of the chronic wound microenvironment and resulting deficiencies in healing have led to the development and use of more effective treatments in managing the chronic wound condition. The harmful effects of excessive MMP activity in chronic wound healing are a growing interest of research and an increasingly central focus of decision making by wound care clinicians.
DISCUSSION

Dynamic and reciprocal healing
Wound healing comes about as a result of a dynamic process that is reciprocal. 9 Changes occurring between cells, and as cells relate to the matrix, signal new function and cellular activity so as to develop a more refined and mature ECM/cellular structure. The release of proteases in the right amounts, in the right places, and in a balanced and coordinated fashion prepares the wound for proliferation and cell migration. 9 In the proliferation phase of wound healing, protease levels typically decline, but are still required and are important in allowing cellular migration, particularly of keratinocytes to migrate over the wound. MMPs are required for the breakdown of hemidesmosomes at the basement membrane so those cells can migrate. Maturation, contraction, and remodeling proceed in a similar manner. 9 MMPs are involved as myofibroblasts work to improve and strengthen the wound matrix with type I collagen until equilibration with the surrounding tissue occurs.
Disruption of normal healing
While MMPs are essential in normal healing, elevated presence of MMPs has been linked to wound failure. 6 As an example, protease activity of acute wounds has been noted to be initially elevated, but to fall off as wound healing progresses during normal healing. Likewise, MMP/protease levels have been tracked through a normal healing process in surgical wounds and found to elevate after injury and then decline as the surgical wound heals. 11, 12 The effects of elevated protease activity in a wound break down the requisite matrix, but also interfere or change cell signaling. 9, 13 Without the matrix structure and signaling integrins of an intact ECM, wound fibroblasts do not respond and differentiate to provide needed next functions for subsequent steps in healing. 9, 14, 15 Growth factors are degraded in the highly proteolytic environment, 14 and cells become less or unresponsive to the growth factors. 9, 13 Additionally, when MMPs are elevated, the tissue inhibitors of metalloproteinases have been found to be low. 6 Presence of damaged tissue, foreign material, bacteria, and biofilms are all known sources that may prolong high protease activity. 16 Collagen degradation and role of a collagen dressing in restoring the microenvironment Collagen is a major structural protein present in all animals, used to support and connect bodily tissues; it has a high tensile strength and plays an important role in tissue repair. Degradation of collagen is important for the physiological remodeling of connective tissues during wound healing. Extracellular degradation of collagen fibers is mediated by MMPs and can be thought of as a multistep process. The conceptualized collagen degradation pathway in Fig. 1 demonstrates a number of factors and process steps that can be interrupted. Because there are numerous MMPs and disrupted processes that cause wound failure, normalizing multiple aberrant steps in healing is desirable.
MMP-modulating dressings, such as collagenbased dressings, may bring about healing in a chronic wound. Collagen dressings have been used effectively to modify the wound environment, control bacterial bioburden, protect growth factors from degradation, and stimulate cell growth and cell infiltration into the wound area. 3, 17, 18 Collagen has been shown to reduce MMP levels, acting as a sacrificial substrate for excessive proteases in a chronic wound. 1, 2, 19 As such, collagen can reduce the excessive protease activity in a wound to a level that may allow healing to proceed.
In addition, collagen binds with naturally occurring growth factors and prevents them from being broken down by damaging proteases. As the matrix slowly breaks down, the growth factors are released back into the wound in an active form while the damaging proteases remain inactive. 20 Shi and Ronfard 1 also noted that the application of collagen immediately reduced MMP inhibitory effects on keratinocyte migration. However, oxidized regenerated cellulose collagen (ORC/C) dressings may affect only one step in the collagen degradation process. 3, 19 A CECM dressing with a preserved structural component can serve as a provisional ECM dermal template and influence the cellular interaction necessary to encourage keratinocyte migration. 9 Clinical monitoring of the chronic wound environment
Given that the clinical assessment may not be able to identify wounds with elevated protease activity, point-of-care MMP assessment methodology has been in development. 8 A threshold spot test as well as a quantifiable level of MMP activity have been proposed to help identify wounds that are failing and associated with elevated MMP/protease levels. 8 Wound duration is not a prerequisite for elevated protease activity; wounds of variable duration, both greater and less than 6 months, can have elevated protease activity. 7 This elevated protease activity level may be an indication to use collagen buffering treatment of the wound. That is not to say, however, that lower levels of protease activity are not affecting a wound's ability to heal. Although the majority of uninfected nonhealing wounds do have elevated MMP levels, a percentage of nonhealing wounds will not have excess proteases. 16 In addition, acceptable levels of MMPs vary according to wound type.
In a small pilot study performed at our facility, preliminary data showed that changing levels of MMP and protease levels did precede a change in venous leg ulcer (VLU) wound area. At the Institute for Wound Research (University of Florida, Gainesville, FL), current authors (G.S., Q.Y., and D.G.) performed a small pilot study of eight patients with VLUs. Wound fluid MMP levels were measured at weekly wound care visits for at least 36 days. At enrollment, initial MMP activity levels ranged from 1.54 to 15.62 lg/mL MMP-9 equivalents and wound sizes ranged from 6.10 to 17.28 cm 2 ; each patient was classified as a ''good,'' ''intermediate,'' or ''poor'' healer.
In all participants, quantified changes in MMP levels could be associated with changes in wound area, although the sample size was too small to calculate the statistical significance. Change in protease activity, as measured at the weekly visit, appeared to predict a negative or positive change in the wound area. As MMP levels increased, the wound stalled and failed to progress; as MMP levels decreased, the wound area decreased. Difficultto-heal or poor healing wounds with high protease levels responded once the elevated protease levels were reduced sufficiently to allow healing processes to be effective. Figure 2A Differentiating collagen dressing biomaterials ORC/C matrix dressings are processed through a digestive process and then reconstituted with oxidized reduced cellulose in a freeze drying process. 20 This forms into a pad that is cut into the dressing shape. 20 Inherent in the digestive processing is loss of MMP buffering capacity that intact collagen provides-resulting in a more narrow spectrum of MMP buffering activity. 21 Chemically, cellulose and ORC are both classified as polysaccharides, sugar molecules linked together, forming a polymer. The main components of ORC are glucose and glucuronic acid.
OVINE-BASED COLLAGEN MATRIX DRESSING
To date, there is only one commercially available ECM collagen dressing and it is ovine based. Ovine-based CECM dressings are prepared from propria submucosa of ovine forestomach tissue using processes to delaminate and decellularize the tissue. 2, 22 Dressings are processed using a proprietary method that retains the complex collagen architecture of native tissue ECM. 5 CECM dressings contain 90% natural, intact collagen, including types I, III, and IV; 10% is secondary ECM components. 23 With this method, the collagen better retains its fibril length and density. 23 Also retained during processing are the ECM-associated secondary molecules, including laminin, fibronectin, and glycosaminoglycans, 23 which may also help protect from degradation the de novo matrix produced by the wound fibroblast. The ovine-based CECM dressing has been shown to support cell growth and promote cell differentiation, and its collagen structure is completely remodeled during the regenerative process. 22 According to the manufacturer, protecting end users against pathogen transmission from ovinebased CECM dressings is addressed in several ways. With respect to the prion/transmissible spongiform encephalopathy (causative agent in Creutzfeldt-Jakob disease), the risk to end users is mitigated through control of the raw materials. The raw materials, ovine/sheep/forestomach tissue, are sourced exclusively from New Zealand sheep that are less than 1 year of age. New Zealand is recognized by international regulators as being prion free, with respect to infection of livestock. Additionally, while prion disease is known in sheep outside of New Zealand, there is a species barrier that protects humans from sheep prion transmission. 24 This is evidenced by epidemiological studies that have failed to identify any instances of sheep prions causing disease in humans. 25 In addition, during the manufacturing process, tissues are chemically disinfected before final processing and terminal sterilization. Chemical disinfection has been validated to inactivate both enveloped and nonenveloped DNA and RNA viruses. While New Zealand sheep are not known to carrying any pathogenic viruses, this validated chemical disinfection of the tissues mitigates risk of viral contamination of the final product. Bioburden risk is mitigated throughout the process through in-process monitoring controls. Terminal sterilization of the dressing through a validated ethylene oxide cycle ensures a sterility assurance level of six logs.
Studies have shown that ORC/C reduces both MMP and serine protease activities, and is particularly effective against MMP-9 and elastase. 3 Lobmann et al. 6 found a reduction in the MMP-9: MMP-2 ratio in ORC/C-treated wounds. Smeets et al. 18 reported a significant reduction of several key proteases, including gelatinases, elastase, and plasmin, in wound exudate of chronic venous ulcer patients treated with ORC/C compared to a control dressing.
However, in a scientific solid assay study, ORC/C extracts were found to be only modest inhibitors of MMP-1, MMP-3, MMP-8, MMP-12, MMP-13, MMP-14, and neutrophil elastase. 2 In this same comparative study, the soluble components of the CECM biomaterial inhibited all MMPs tested, including collagen, stromelysins, and gelatinases. Similar inhibitory potency between ORC/C and CECM extracts were determined only for the gelatinases, MMP-2 and MMP-9. Other than MMP-2 and MMP-9, ORC/C was noted to have no significant impact on the panel of other tested MMPs, including MMP-1 and MMP-8, known to be involved in the collagen degradation process. 2 A dressing material that can affect multiple steps in the pathological process would seem to be more effective in correcting abnormal physiology and promoting healing. 9 Current ORC/C dressings do not contain other elements of a dermal template/ ECM dressing. 20 Ovine-based CECM dressings have buffering capacity for collagenases, MMP-1 and MMP-8, as well as gelatinases, MMP-2 and MMP-9. 2 This broad spectrum of MMP inhibition may serve to protect and buffer other deleterious MMP activity in the chronic wound microenvironment. Other similarly classified collagen dressings such as Puracol Ò (Medline Industries, Inc., Mundelein, IL) and BioStepÔ (Smith & Nephew, Hull, United Kingdom) have also incorporated more intact type I collagen in manufacturing to improve the functional buffering capacity of the collagen dressing. However, these dressings are not classified as CECM dressings.
Expert opinion seems to suggest that it might not be possible to restore a normal dynamic and reciprocal healing by affecting one single factor. 9 Intervening with a dressing that has broadspectrum MMP buffering capacity, that is, a more native collagen, and supplies other key factors such OVINE-BASED COLLAGEN MATRIX DRESSING as elastin and fibronectin, may be a more complete treatment. For example, a CECM dressing has buffering capacity to lower MMP-10 (stromelysin-2), 2 which degrades proteoglycans and fibronectin, constituents of the regenerated ECM that wound fibroblasts create. CECM dressings also have the capacity to lower MMP-12 (macrophage elastase), which degrades elastin in the ECM. 26 
Mechanisms of amniotic membrane dressings and collagen dressings
In advanced therapies such as amniotic membrane products, the collagen is more minimally processed and may offer a broad-range MMP inhibition. Processed amniotic tissues contain collagen types I, II, IV, V, and VI and typically differ from collagen dressings in that they also deliver growth factors. 27 Epidermal growth factor, transforming growth factor beta, fibroblast growth factor, and plateletderived growth factor have been assayed in amniotic tissues and thought to actively participate in tissue function. 27, 28 Amniotic tissues have also been studied as a source of pluripotent amniotic epithelial cells, which express surface markers associated with stem cells. 27 Stem cells are not a component in ECM collagen dressings or ORC/C dressing derivatives.
How much collagen?
When the MMP buffering capacity of the collagen to impact MMP activity is exceeded, MMP levels in the wound increase. 1 Applying sufficient collagen to affect protease levels for the duration of treatment application would seem to be necessary to buffer MMP activity effectively and change the chronic proteolytic wound environment. Shi et al. 29 demonstrated that the attenuation effect of MMPs by porcine small intestine submucosa (SIS) diminished over time. The buffering effect was maximal at day 3, but subsided by day 7. Consumption of the collagen by MMPs occurred and the dressing was con-sumed. 29 Thus, for a given chronic wound, a certain dosing of collagen would be necessary.
Clinical observation of the effects of CECM dressings in a wound with excessive protease activity may provide insight into what may be ade- 36 Given these negative prognostic indicators, this VLU may have as high as a 78% chance of not healing at 24 weeks. 36, 37 This patient's wound was treated with CECM dressings from the first day of treatment in the clinic, following debridement. Compression wrap therapy was used. Significant healing was noted in the first 21 days (B) . Patient had healed by 35 days, despite negative risk factors at presentation (C). ABI, Ankle to Brachial Index. quate MMP buffering capacity for a wound. One may hypothesize that when the collagen dressing is consumed, the buffering capacity of wound MMPs is lost. Applying sufficient layers of dressings (Fig. 3A) so that on the return clinic visit, there is remaining collagen dressing covering the wound (Fig. 3B ) may be a visual validation that sufficient collagen has been applied to the wound, but more research is needed to quantify the amount of collagen required for effective wound treatment.
Effectiveness of collagen dressings in treating VLUs
Protease activity in chronic wounds has been noted to result from a combined effect rather than one particular elevated protease. 7 Multiple studies note elevated protease levels in VLUs, and methods of VLU treatment, including compression that target lowering elevated protease, have been shown to be comparatively more effective. [30] [31] [32] [33] For example, at 12 weeks of treatment, 41% of venous ulcers were reported healed using ORC/C dressings compared to a nonadherent dressing (31%). 31 A study of porcine SIS matrix collagen dressing plus compression in chronic leg ulcers demonstrated 55% healing at 12 weeks compared to 34% receiving standard of care and compression. 32 Comparing SIS collagen to standard of care in 84 VLUs, an interim analysis at 12 weeks showed a healing rate of 71% with SIS and 46% with standard of care. 33 Treatments that lower MMP levels in pressure and diabetic ulcers have been shown to improve healing as well. 3, 34 In a study, including venous ulcers, diabetic foot wounds, and incisional wounds, Liden and May 35 reported 50% closure at 12 weeks with ovine-based CECM dressings with an average surface area reduction of 73.4%. Bohn and Gass 17 reported a healing rate of 97% of VLUs at 12 weeks with weekly application of CECM dressing and compression; 50% of wounds were closed by 7-8 weeks using CECM dressings. Authors suggested that compared with other collagen dressings requiring at least twice weekly application, the once weekly application of CECM dressings saved healthcare system dollars in terms of reduced facility fees, material costs, and home nursing visits. 17 In addition to compression, application of a CECM dressing with broad-spectrum activity to modulate MMP activity may translate into improved healing rates for patients with VLUs. Once degradation is normalized, other cellular processes can proceed. Case Study 1 of a VLU demonstrates how a broad-spectrum activity collagen dressing may improve outcomes and meet quality measures in wound care (Fig. 4) . While the patient's wound exhibits characteristics that would predict poor healing, the wound responded quickly to broad spectrum MMP buffering and CECM matrix in the dressing.
Structural components of CECM dressing
As the MMP protease levels approach a modulated activity level during which cellular processes of healing progress, the CECM dressing may lend itself to a cellular supportive role. As collagen is no longer consumed by elevated proteases, the structural dermal template of the dressing may become incorporated into the wound (Fig. 5A, B) . The collagen material remains in the wound and it appears that the granulation tissue is growing into and incorporating the collagen as it would a provisional matrix. Ovine-based CECM dressing material tested in vitro has been shown to enhance cellular adhesion and infiltration. 23 Study of ECMs has more clearly defined the importance of cellular signaling and participation in healing by the structural components of an ECM. As a provisional matrix, cellular signaling and differentiation could be affected to enhance wound healing. 9 After processing, ovine-based CECM has been shown to retain structural elements of Figure 5. (A, B) Collagen is no longer consumed and remains in the wound. Granulation tissue formation is noted. The dressing appears to be incorporating into the wound. Photographs reprinted with permission from Hollister Wound Care.
an ECM 2, 23 such that cell signaling 9 may be a causative factor in the dressing's effectiveness.
Products to use with collagen dressings
Collagen dressings are typically used with a cover dressing, or they tend to dry out. There are varied choices to consider in selecting a cover dressing. Hydrocolloid dressings seem to work well. The hydrocolloid helps maintain moisture balance while keeping the collagen in place, and may prevent friction and shear. Foam dressings also help manage moisture and drainage. When combined with an antimicrobial, a foam dressing can work well over collagen as a secondary dressing. Managing bioburden may assist in correcting protease production. Maintaining a protease management strategy as well as a bioburden management strategy are key concepts in chronic wound healing. Using combination dressings allows the practitioner to select an appropriate strategy based on the wound state, and may improve healing.
Early application of collagen
Collagen dressings should be used early in the course of care to expedite a return to a more normal reciprocal healing process that leads to closure. Practitioners should not only consider collagen dressings in a chronic wound, but also in an acute wound to help limit the development of protease excess. The ECM in the collagen dressing may incorporate into the acute wound and assist in healing.
A major advantage of ovine CECM dressings is that they are classified for reimbursement as a ''collagen dressing'' as opposed to an ''advanced wound care matrix dressing.'' As such, these dressings are relatively inexpensive ($10-12 each) and can be applied from the initial visit, rather than waiting the requisite 3-8 weeks of moist wound healing application that is typically required by payors before initiating an advanced wound care matrix dressing. 38, 39 In addition, the dressing can be applied by patients, nurses, or any other caregiver in any care setting. Earlier, MMPtargeted treatment may reduce the need for advanced wound therapies later in the course of care, and lead to reduced costs and healing times. 17 
SUMMARY
With growing scientific understanding of essential steps in healing and tissue repair, improved methods of treatment will logically result. Clinicians can now treat the wound to bring about changes in the pathophysiological state to repair the process of healing. Proteases and cellular dysfunction are key concepts in wound repair, and need to be addressed by the wound care clinician. Treating the wound to affect multiple levels of dysfunction and pathological process seems to offer improvements in the healing of chronic wounds. Serial monitoring of MMP levels throughout care, in response to treatment or intervention, gives the clinician added insight as to the therapy effect.
Similar to engineering modifications that have taken place with medications, the processing of collagen dressings that preserves essential elements of the intact collagen and dermal template has led to next-generation dressing biomaterial CECM. Data from preliminary case series suggest that clinicians may achieve better outcomes in chronic wound healing in a shorter timeframe using a broad-spectrum ovine-based CECM dressing compared to previous available treatments. 17, 34 Controlled clinical trials are needed to further analyze the comparative and cost-effectiveness of ovine-based CECM dressings in various wound types.
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TAKE-HOME MESSAGES
While MMPs are essential in normal healing, elevated presence of MMPs has been linked to wound failure.
Degradation of collagen is important for the physiological remodeling of connective tissues during wound healing; extracellular degradation of collagen fibers is mediated by MMPs and involves several steps.
Collagen dressings have been shown to reduce MMP levels, acting as a sacrificial substrate for excessive proteases in a chronic wound.
Processed ovine-based CECM dressings retain the complex collagen architecture of native tissue ECM as well as the ECM-associated secondary molecules, including laminin, fibronectin, and glycosaminoglycans.
Ovine-based CECM dressings have broad-spectrum buffering capacity for collagenases, MMP-1 and MMP-8, as well as gelatinases, MMP-2 and MMP-9, which may serve to protect and buffer other deleterious MMP activity in the chronic wound microenvironment.
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